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Steal Phenomenon in Radiocephalic Arteriovenous Fistula. In Vitro
Haemodynamic and Electrical Resistance Simulation Studies
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Objective: steal phenomenon following an arteriovenous fistula (AVF) creation is characterised by retrograde flow in the
artery segment distal to the anastomosis and occurs in the majority of patients with radiocephalic AVF although this rarely
leads to distal ischaemia. To investigate the local haemodynamics after the creation of an AVF, a simple electrical resistance
model which assumes time-independent flow was used. The applicability of this model to pulsatile flow conditions was
verified using an in vitro flow circuit. The effects of stenoses in various artery segments were also investigated.
Design of the Study: the electrical analogue model consists of a pressure source, constant resistances that represent the
resistance to flow of various arterial segments and the fistula. The stenosis was modelled by a resistor and a non-linear term
is simulated by a current-controlled voltage source. In vitro experiments were performed in pulsatile and steady flow and
the results were compared with electrical simulations. The effects of fistula flow and the presence and severity of a stenosis
on flow distribution, particularly the direction of flow in the distal radial artery and flow into the hand were assessed.
Results: steady and pulsatile time-averaged flows measured in vitro compared well with the results of electrical circuit
simulations for cases without a stenosis. When a stenosis was present comparisons were made only in steady flow and these
show good agreement for stenoses of 75% area reduction. The direction of flow in the distal radial artery was antegrade
(towards the hand) at low fistula flow and became retrograde as fistula flow increased. The presence of a severe stenosis in
the brachial artery was found to have the strongest influence on flow to the hand.
Conclusions: an electrical resistance model of a radiocephalic AVF has been validated with an in vitro pulsatile flow
circuit. One of the benefits of this model is that it can be easily analysed using standard circuit simulation software. The
model also provide insights into the possible haemodynamics consequences of creating an AVF with or without the presence
of a stenosis in the arterial segments.
Key Words: Vascular access; Haemodialysis; Mathematical model; Haemodynamics; Electrical circuit simulation.
Introduction
The subcutaneous arteriovenous fistula (AVF) is the
method of choice for achieving vascular access for
chronic haemodialysis in patients with end-stage
renal failure. At the wrist level, the cephalic vein
anastomosed end-to-side to the radial artery is one of
the most commonly performed AVF because of its
ease of construction and long-term patency. The arter-
iovenous fistula acts as a low resistance, high compli-
ance pathway between the high pressure arterial
system and the low pressure venous system. This is
also the case with a fistula using the brachial artery.
This abnormal communication causes a significant
alteration in the haemodynamics in the vascular
network in the arm and hand. Whilst steal phenom-
enon, or retrograde flow in the artery segment distal
to the arteriovenous anastomosis, is a common obser-
vation in patients with brachiocephalic as well as
radiocephalic AVF, it rarely leads to ischaemia distal
to the AVF, or steal syndrome.1±7 Steal syndrome is
characterised by symptoms of numbness and coldness
of the hand, parasthesia, pain and if severe, may lead
to tissue necrosis in the hand and even forearm. It is
often associated with high flow in the AVF, particu-
larly when there is underlying arterial disease.8 How-
ever, the exact mechanisms remain unresolved and an
understanding of the local haemodynamics may pro-
vide an insight into the possible mechanism.
The purpose of this article is to present an analysis
of the parameters which affect the flow distribution in
the arm in the presence of an AVF. An electrical resis-
tance circuit model which assumes time-independent
flow and pressure was used and experimental
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Discussion
In this study a simple resistance model was used to
investigate the flow distribution in the forearm and
the blood flow into the hand after the creation of an
AVF. It was thought that such a model would be
useful in understanding the alterations in the local
haemodynamics, and explaining the conditions that
lead to the development of arterial steal syndrome.
Similar models have been proposed previously13,14
but we have extended these to include the presence
of a significant stenosis in the brachial, ulnar and
radial arteries and also present the results of an
experimental study to assess the applicability of the
resistance model.
The dimensions of the vessels in the forearm and
the fistula flow vary over a relatively wide range
in vivo.1,3,15,16 In this study vessel segments with
dimensions derived from a representative set of resis-
tances of arteries in the arm (Table 1) were used in the
in vitro circuit and electrical circuit model. Because of
the simplicity of this model, it is relatively straight-
forward to carry out a simulation for an individual
patient provided the dimensions of each vessel seg-
ment are known. Comparison of the model predic-
tions for the representative data set with in vitro
measurements show good agreement in both steady
and pulsatile flow when a stenosis is not present. For a
typical fistula flow of about 450 ml/min, the differ-
ence between measured and predicted flows as a per-
centage of the computed flow are as follows: brachial
artery, 0.9%; proximal radial artery, 2.8%; distal radial
artery, 2.9%; flow in the hand, 6.1%. In the presence of
a stenosis in the brachial artery, the model gave over-
estimates of the flow in the hand for a 75% stenosis
and underestimates for a 94% stenosis. At about
300 ml/min fistula flow the differences represented
8.1 and 45.7% of the actual flow for the 75 and 94%
stenosis, respectively. Flow in the distal radial artery
did not appear to be affected by the presence of a
brachial artery stenosis. This may be explained by
the fact that the stenosis reduces the total flow into
the forearm but does not alter the flow split into the
ulnar and proximal radial arteries.
Having validated the resistance model in vitro, it
can be used to investigate the flow distribution
under different clinically relevant conditions. For
example it is known that the majority of patients
with radiocephalic AVF show evidence of steal phe-
nomenon, that is, retrograde flow in the radial artery
distal to the anastomosis and this is rarely associated
with ischaemic symptoms.1,3,4,15 The results show that
the flow in the distal artery becomes retrograde
when the flow in the fistula exceeds a critical value
of 73 ml/min. However, Sivanesan et al.3 found that in
about 25% of patients, flow in the distal artery was
antegrade and yet the fistula flow was sufficient for
haemodialysis, i.e., 4250 ml/min. The model shows
that this situation can occur if the ulnar artery has a
high resistance due to the vessel being of small calibre
or a stenosis is present, and the brachial artery is not
obstructed. Occlusion of the ulnar artery as the cause
of steal syndrome has been reported previously.17,18
For example, with the presence of an isolated stenosis
of 94% in the ulnar artery the critical value of flow
increases to 250 ml/min. Conversely, if the diameter of
the proximal radial artery is small or diseased, the flow
in the distal radial artery segment is likely to contri-
bute a greater proportion of the flow to the fistula.
Retrograde flow in the distal radial artery does not
necessarily lead to significant reduction in the perfu-
sion of the hand. This is due to the fact that blood flow
to the hand is also supplied by the ulnar artery via the
palmar arches.19 The present study shows that the
creation of an AVF invariably leads to some reduction
in blood flow to the hand. In the great majority of
patients with radiocephalic AVF the flow reduction
is small and clinical symptoms are likely to be mild.
In a small percentage of patients, however, ischaemia
is severe enough to result in rest pain and eventually
to gangrene of the extremities.20 In the presence of a
severe stenosis in the brachial artery flow in the hand
can significantly reduced at high fistula flow. This is
due to the fact that pressure drop across a stenosis
increases non-linearly with flow rate. The model pre-
dicts that when a 94% stenosis is located in the bra-
chial artery the flow in the hand ceases when the
fistula flow reaches 374 ml/min. Reduction of fistula
flow by banding is often carried out to alleviate the
symptoms of steal in fistulae which use the bra-
chia artery as the inflow vessel.21 Alternatively, an
arterial bypass is constructed between the segment
proximal and distal to the anastomosis and the distal
radial artery immediately below the anastomosis is
then ligated.20 The results of this study are in agree-
ment with clinical reports that hand ischaemia
tends to develop in patients with pre-existing
arterial obstruction in the upper arm or subclavian
artery.2,8,22,23 Preoperative evaluation of the inflow
vessels is therefore advisable and any significant sten-
otic lesions should be treated before the creation of the
AVF. Our results indicate that a stenosis of less than
75% area reduction in the inflow artery only had mod-
erate effect on the flow to the hand (24% reduction at a
fistula flow of 400 ml/min). The model can also be
used to determine the effect of multiple stenoses. For
example, if a 75% stenosis is present in the brachial,
proximal radial and ulnar artery this resulted in a flow
250 A. Ramuzat et al.
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